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Abstract 
The possibility to respond to external stimuli with change in physicochemical 
properties of a polymeric system is appealing to a broad range of scientists as it may result 
in the preparation of exciting new ‘smart’ materials. Whilst numerous reports exist on 
polymers which respond to single stimulus such as temperature, light, pH, redox, etc., the 
examples of multiple stimuli responsive polymers are limited.  
This study deals with the preparation and characterisation of polymers comprising of 
calix[4]arene or dibenzo-18-crown-6-ether units, which have been joined by azo-bridges. 
The objectives and synthetic pathways towards monomer and polymer formation are 
evaluated and the best methods are highlighted as being versatile and promising for the 
synthesis of a wide range of main chain azopolymers. 
As a result of their intricate design, the polymers are capable of response to 
irradiation by means of reversible trans-to-cis photo-isomerization of the azo-linkages. 
The extent of the photo-switchability in various solvents is evaluated by UV-Vis 
spectroscopy and the structural changes upon isomerization are resolved with 
1
H NMR 
analysis.  
The choice of the calix[4]arene and crown ether units as major chemical components 
enables interaction of the polymers with low molar mass guests (evidenced by titration 
experiments monitored by means of 
1
H NMR, UV-Vis spectroscopy). This 
supramolecular activity is shown to be influenced by the photo-stationary state of the 
polymers in the case of poly(azocalix[4]arene)s and thus a serial photo-tuning of the 
extent of the host-guest interaction is possible. For the poly(azodibenzo-18-crown-6-
ether)s addition of guests leads to phase separation of the polymers from certain solutions. 
By incorporating tetraethyleneglycol monomethyl ether chains into the lower rim of 
the calixarene units, thermo-responsive behaviour could be induced onto the 
poly(azocalix[4]arene) framework. Lower critical solution (LCST) type transitions in 
water and upper critical solution (UCST) type transitions in alcohols were observed, 
which are strongly dependent on the degree of polymerization, concentration and choice 
of solvent. The latter was also demonstrated for the poly(azodibenzo-18-crown-6-ether)s. 
In both cases, the UCST type behaviour may be influenced by irradiation. The reversible 
trans-to-cis photo-isomerization decreases the demixing temperature of the solutions 
proportionally to the trans content of the samples. Thermal relaxation reverts the 
isomerization and the cloud point values from prior to irradiation are regained. For the 
tegylated poly(azocalix[4]arene)s the isomerization may also be induced in the phase 
separated state, leading to dissolution of the polymers, as the UCST value is shifted. This 
may be done locally in a thin 1 mm quartz cuvette, yielding areas of translucency in the 
polymer dispersion upon irradiation and a possible photo-writing application.  
The thermo-responsive properties of the crown ether polymers may also be 
influenced by the addition of barium ions, which act as dynamic intermolecular 
crosslinkers increasing the cloud point values. These polymers are also shown to be 
solvatochromic and pH-sensitive. 
 
  
 
 
Acknowledgements 
The present work has been carried out at the Laboratory of Polymer Chemistry 
during the years 2008-2013 under the guidance of Professor Heikki Tenhu and Dr. 
Vladimir Aseyev. I wish to express my deepest gratitude to them for enabling this research 
to be conducted, mentoring, support and encouragement.  
 
The Academy of Finland (project numbers 127329 and 260486), Centre of 
Excellence for Functional Materials and the Oskar Öflunds Stiftelse are gratefully 
acknowledged for financial support of this study.  
 
I thank Professor Kalle Levon and Professor Carl-Eric Wilén for having revised this 
doctoral thesis and their valuable comments. 
 
I wish to thank all my colleagues for creating a great place to work in, which 
stimulates creativity, enhances co-operation and has resulted in friendships for years to 
come. I would particularly like to thank Sami, Jukka, Erno, Satu, Mikko and Petri for all 
their help and discussions. My thanks also go out to Roland, Jenny, Susana and Teemu 
who have been part of the project and their synthetic contributions are deeply appreciated. 
 
I am blessed with having a wonderful and loving environment to thrive in. I wish to 
thank all my friends who have been a great support system, especially Aki, Anna-Maria, 
Joanna, Maria, Mikko - you have all been part of this adventure and your help has been 
invaluable!  
 
Finally, I would like to thank my parents, Zygmunt and Janina and my sisters 
Agnieszka and Joanna and their families for their never-ending love, understanding and 
motivation. Without their input this would not be possible and to them I dedicate this 
thesis. Kocham Was!  
 
  
 
 
 
 
 
 
 
 
 
 
 
Helsinki, March 2014   Szymon Wiktorowicz 
  
 
 
Contents 
 
Abstract 3 
Acknowledgements 4 
Contents 5 
List of original publications 7 
Abbreviations 8 
1 Introduction 9 
1.1 Single-stimulus responsive polymers 10 
           1.1.1 Thermo-responsive polymers 11 
           1.1.2 Photo-responsive polymers 14 
           1.1.3 pH-sensitive polymers 16 
           1.1.4 Other stimuli responsive polymers 16 
      1.2  Multi-stimuli responsive polymers 17 
           1.2.1 Double-stimuli responsive polymers 17 
           1.2.2 Triple-stimuli responsive polymers 18 
      1.3  Complexing structural units of the polymers 19 
 1.3.1  Calixarenes 19 
      1.3.2  Crown ethers 21 
2  Objectives of the study 23 
3 Experimental 24 
     3.1  Synthesis of monomers 24 
     3.2  Polymerizations 26 
           3.2.1  Reductive coupling of monomers 26 
           3.2.2  Oxidative coupling of oligomers 27 
     3.3  Fractionation of the polymers 28 
  
 
 
     3.4  Characterization 29 
4 Results and Discussion 30 
     4.1  Synthesis of monomers 30 
     4.2  Polymerization 33 
     4.3  Photo-isomerization 37 
     4.4  Host-Guest Interactions 42 
     4.5  Thermo-responsiveness 47 
     4.6  Solvatochromism and pH-sensitivity 57 
5  Conclusions 58 
6 References 66 
 
 
  
 
 
7 
List of original publications 
This thesis is based on the following publications: 
 
I Wiktorowicz, S., Aseyev, V., Tenhu, H.  
Novel Photo-switchable Polymers based on Calix[4]arenes. 
Polymer Chemistry 2012, 3(5), 1126-1129. 
 
II Wiktorowicz, S., Tenhu, H., Aseyev, V.  
Influence of Photo-isomerization on Host-Guest Interactions in 
Poly(azocalix[4]arene)s. 
Polymer Chemistry 2013, 4(9),  2898-2906. 
 
III Wiktorowicz, S., Tenhu, H., Aseyev, V.  
Using Light To Tune Thermo-Responsive Behavior and Host–
Guest Interactions in Tegylated Poly(azocalix[4]arene)s.  
Macromolecules 2013, 46(15), 6209-6216. 
 
IV Wiktorowicz, S., Duchêne, R., Tenhu, H., Aseyev, V. 
 Multi-stimuli responsive poly(azodibenzo-18-crown-6-ether)s 
 Polymer Chemistry 2014, 5(16), 4693-4700. 
 
 
The publications are referred to in the text by their roman numerals.  
 
Author’s Contribution to the Publications 
For all publications (I-IV) S.Wiktorowicz has designed the research plan, created and 
characterised the polymers and written the manuscripts.  
 
 
 
 
 
 
 
 
 
Publication related to the thesis:  
 
V Pulkkinen, P.M.S., Wiktorowicz, S., Aseyev, V., Tenhu, H.  
Complexation of calix[4]arene protected gold nanoparticles with 
pyridinium and bipyridinium compounds.  
RSC Advances 2013, 3(3), 733-742. 
  
 
 
8 
Abbreviations 
ATRP Atom transfer radical polymerization 
C16Py+ Hexadecylpyridinium chloride 
CTADC Cetyltrimethylammonium dichromate 
DMF N,N-dimethylformamide 
DMSO Dimethylsulfoxide 
LAH Lithium aluminium hydride 
LCST Lower critical solution temperature 
LS Light scattering 
NLO Non-linear optics 
NMP Nitroxide-mediated polymerization 
NMPI N-methyl pyridinium iodide 
NMR Nuclear magnetic resonance spectroscopy 
NOESY Nuclear Overhauser effect spectroscopy 
OLED organic light emitting diode 
OPV organic photovoltaics 
PAAc Poly(acrylicacid) 
PDEAEMA Poly(diethylaminoethyl methacrylate) 
PDMAEMA Poly(dimethylaminoethyl methacrylate) 
PMAAc Poly(methacrylic acid) 
PMMA Poly(methyl methacrylate) 
PNAGA Poly(N-acryloylglycinamide) 
PNIPAM Poly(N-isopropylacrylamide) 
POEGMA Poly(oligoethyleneglycol methacrylate) 
POF Polymer optical fibers 
PPP poly(paraphenylene) 
PSS Photo-stationary state 
PVIm Poly(vinyl imidazole) 
PVP Poly(vinylpyridine) 
RAFT Reversible Addition Fragmentation Chain Transfer 
Red-Al Reducing aluminium, sodium bis(2-methoxyethoxy aluminium hydride) 
SEC Size exclusion chromatography 
TEMPO Tetramethylpiperidine-1-oxyl 
THF Tetrahydrofuran 
UCST Upper Critical Solution Temperature 
UV-Vis Ultraviolet-visible spectroscopy 
 
 
  
  
  
  
  
  
  
 
 
9 
1   Introduction 
With the substantial progress in the field of polymer science over the previous 
century, the modern day chemist has acquired an extensive tool-kit, which allows for 
preparation of a variety of advanced structures and the creation of new technological 
processes. This would not have been possible without understanding the processes of 
synthesis, physicochemical theory, structure-property relationships and identifying the 
applications. To date, different mechanisms of polymerization have been studied, which 
can be divided into step-growth and chain-growth (cationic, anionic, radical) 
polymerization.  All these synthetic methods have their advantages and drawbacks and the 
choice of technique is related to the design of the end polymer, whether based on chemical 
composition, architecture and/or reaction conditions.  
 In the past two decades living polymerization (anionic, cationic, free radical, ring 
opening) has taken to the spotlight, offering the possibility of producing complicated 
architectures (block, comb, brush, star, ring (co) polymers). Furthermore, the evolution of 
controlled radical polymerization methods
1
 (Nitroxide Mediated Polymerization (NMP), 
Atom Transfer Radical Polymerization (ATRP), and Reversible Addition-Fragmentation 
Chain Transfer (RAFT)) has greatly improved the control over structure and 
polydispersity. The possibility to tailor the polymer properties by modifying the 
monomers prior to or post polymerization is further enhanced by the reaction portfolio 
derived from organic chemistry. The most popular of which include high yielding ‘click’ 
protocols
2
 such as 1,3-Huisgen dipolar cycloaddition between an azide and alkyne species, 
thiol-ene
3
 and thiol-yne
4
, as well as Diels-Alder cycloaddition reactions
5
.  
Along with the development in synthetic methods, new processing techniques and 
applications have emerged. Self-assembly of block copolymers
6
 has attracted attention in 
the field of nanotechnology as a means of patterning surfaces in the sub 50 nm region. 
This could potentially provide further reduction in size of microcircuits and thus 
contribute to higher performance nanoelectronics. This self-assembled patterning (bottom-
up approach) is being explored as an alternative to the traditional photoresists
7
 (top-down 
approach), which utilize radiation induced solubility change as a means for patterning. The 
current limitations in this technology include the current irradiation sources, as shorter 
wavelengths than 193 nm are difficult to realize and diffusion of acid as a result of using 
chemical amplification processes.  Patterning of surfaces may also be applied to three 
dimensional structures
8
. This is especially useful in the preparation of prototypes and 
personalized items, medical devices or mechanical components. The current methods of 
photopolymerization, extrusion, powder solidification and lamination all have features 
which make them interesting for various applications. The most commercially promising 
is the 3D printing (3DP) powder-based process developed by Sachs and Co-workers in 
1986 at MIT, which allows for easy fabrication of components and has been extended 
from polymer powders to ceramics and even metal. In recent years, the computer-assisted 
printing of systems has also been applied to ink-jet printing
9
 onto paper and flexible 
polymer substrates resulting in production of microcircuits, organic light emitting diodes 
(OLEDs) and organic photovoltaics (OPVs). The resolution of this method is strongly 
dependent on the flow properties of the ink and other printing parameters.  
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Conjugated polymers have been extensively explored as a means of producing 
advanced functional materials which harvest energy and translate it into an output signal. 
Several strategies for the preparation of OLEDs and OPVs have been employed the latter 
however needs more efforts to be competitive in terms of efficiency with the inorganic 
analogues.  They have also been used in the preparation of sensors and photonics.  
In 1985, Harold Kroto, James R. Heath, Sean O'Brien, Robert Curl and Richard 
Smalley paved the way for all-carbon π-rich systems with their discovery of C60 (0D)10 
and other fullerenes. In 1990s the possibility to obtain 1D carbon materials was elucidated 
with the introduction of carbon nanotubes
11
 and more recently the development of a 2D 
carbon allotrope - graphene has been gaining interest of the scientific community. The 
latter has been exhibiting superior properties to all other carbon-based conjugated 
materials and is a promising candidate for optoelectronics
12
. Other interesting applications 
of various polymers for advanced materials include the preparation of membranes
13
, 
modern adhesives and sealants
14
, polymer optical fibres
15
 for data communication (POFs), 
nanocomposites and hybrid materials
16
. An exciting class of functional materials which 
offer the possibility of external control of their function is stimuli-responsive polymeric 
systems
17
. 
Nature has long been relying on processes which differ in their outcome based on 
the conditions of the environment. Following this inspiration, scientists have attempted to 
create structures capable of response to external stimuli (single or multiple) with change in 
physicochemical properties. As a result of these efforts numerous systems have been 
invented and the field of ‘smart’ polymers is experiencing a recurring surge of interest18.  
Generally, these systems can be divided based on the nature of the environmental 
stimulus: physical (temperature, ionic strength, electromagnetic radiation, electric or 
magnetic fields, solvents, mechanical stress, etc.), chemical (pH, specific ions and 
chemical agents) or biomedical (enzyme substrates, other biochemical agents, affinity 
ligands)
19
. Considering the substantial investigations into various systems, another 
classification is possible and entails the response of the polymer to single or multiple 
stimuli. 
1.1   Single-stimulus responsive polymers 
 
Studying the outcome of applying a stimulus, may be performed in bulk (polymer 
films) or solution. Majority of the investigations rely on the most abundant solvent source 
- water. But also other solvent systems have been used. For the purpose of this overview 
and relevance to the author’s contributions, the focus will be primarily on temperature, 
light and pH-responsive macromolecules.  
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1.1.1 Thermo-responsive polymers 
 
In terms of approach, temperature change is the most commonly applied stimulus 
for smart materials. It is relatively easy to realize and control and a large effort has gone 
into understanding the processes involved in the response of the system in solutions. An 
application-based explanation for this interest in thermo-sensitive systems may be that the 
immune system of the body relies on temperature changes in affected areas and hence site-
specific drug delivery should be possible. 
In some cases, the interaction of the polymer with the solvent may be influenced by 
change in temperature. Depending on the mode of response, the polymers may exhibit a 
demixing behaviour that is typical for lower critical solution (LCST) or upper critical 
solution (UCST) - type transitions. The first of which involves the phase separation from a 
soluble to insoluble state with increase in temperature and the latter undergoes the 
opposite.   
One of the most extensively studied thermo-responsive polymers is poly(N-
isopropyl acrylamide), PNIPAM. The LCST behaviour in aqueous solutions
20
 relies on the 
hydrogen bonding between the water molecules and the polar groups on the polymer. 
Upon increase in temperature, those bonds are cleaved resulting in possibility of the 
nonpolar groups to interact leading to a coil-to-globule transition (Fig 2a).  
The LCST-type transition in water which relies on the balance between hydrophilic 
and hydrophobic contributions of the polymer chain may be tuned by modifying the 
chemical composition. Other important thermo-responsive polymers include 
polyacrylamides, polyoxazolines, polyvinyl ethers and poly(oligoethylene oxide) 
methacrylates. In their review, Aseyev et al.
21
 showcase the vast library of neutral water-
soluble polymers, which exhibit this transition along with the studies on tuning their 
behaviour. Chain length
22
, tacticity
23
, nature of the end group, addition of (co)monomer
24
 
and salt
25
 also play an important role in the process of adjusting the critical temperature 
depending on the polymer.  
In sharp contrast to the literature available for LCST polymers in aqueous media, 
only few reports exist on the UCST-type transitions of polymers, predominantly in 
different water-alcohol solvent mixtures
26
. This may be attributed to the fact, that the 
transitions are seldom observed for practically relevant conditions
27
. Few recent examples 
of polymers exhibiting UCST based on thermally reversible hydrogen bonding (HB-
UCST) in water include poly(N-acryloylglycinamide) (PNAGA) and its derivatives
27,28
, 
poly(allylurea) copolymers
29
 and copolymers of N-vinylimidazole and 1-vinyl-2-
(hydroxylmethyl)imidazole
30
. In the past, systems based on poly(methyl methacrylate), 
PMMA
31
, poly(2-oxazolines)
32
 and copolymers of hydroxyethyl methacrylate and 
acetoacetoxyethyl methacrylate in ethanol/water mixtures have also demonstrated the 
UCST-behaviour. Recently, poly(oligoethyleneglycol) methacrylate, POEGMA has been 
shown to undergo the UCST-type transitions in alcohols, which are strongly dependent on 
the degree of polymerization, concentration, alcohol and end groups
33
.  
Dual thermo-responsive systems have also been prepared in the past
34
. Copolymers of 
3-[N-(3-methacrylamidopropyl)-N,N-dimethyl]ammoniopropane sulfonate, (SPP) and 
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PNIPAM
35
, as well as 2-hydroxyethyl hethacrylate (HEMA) and N,N-
dimethylaminoethylmethacrylate, (DMAEMA) or [2-
(methacryloyloxy)ethyl]trimethylammonium chloride (MOETAC)
36
 exhibit both LCST 
and UCST response in water.  Triple thermo-responsive systems have also been 
reported
37
.  
By crosslinking the polymers, hydrogels
38
 may be obtained, in which 
hydration/dehydration is controlled by means of temperature (Fig. 2d). In the case of self-
assembled block copolymers (Fig. 2b), thermo-responsive micelles
41
 and microgels
39
 may 
be prepared. The polymers may also be grafted onto surfaces (Fig. 2c), thus enabling the 
tuning of their wettability
40
. Depending on the morphology, these systems may be used for 
e.g. drug delivery
41
, membranes
42
, smart coatings
43
, etc. 
 
 
 
 
 
Fig. 1  Examples of thermo-responsive polymers; PNIPAM (LCST in water ~32°C); 
Poly(methylvinyl ether), PVME (LCST in water ~34-38°C); Poly(vinylcaprolactam), 
PVCl (LCST in water ~32-40°C) PDMAEMA (LCST in water ~50°C, pH-responsive); 
POEGMA (LCST in water, UCST in alcohols); PNAGA (HB-UCST in water). 
 
LCST UCST 
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Fig. 2   (a) coil-to-globule transition of a thermo-responsive polymer; (b) micelle 
formation in a diblock copolymer (c) thermo-responsive grafts on a surface (d) 
shrinking of a themoresponsive hydrogel.  
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1.1.2 Photo-responsive polymers 
Another stimulus, which is easy to realize is irradiation. The offered range of 
specific wavelengths (from UV to deep infrared) alongside with control of intensity, 
exposure time, as well as irradiation site (area/volume), makes it a very promising 
candidate for stimulus-responsive systems. The most universally explored photo-
switchable systems
44
 include azobenzene and diarylethene derivatives, spiropyran, 
spirooxazine, fulgide units (Fig. 3). A variety of molecules undergoing dimerization 
(cinnamic acid
45
, coumarin
46
, dimethylmaleimide
47
) may also be termed as photo-
responsive.  
 
           
 
Fig. 3 Examples of known photo-switches; (a) azobenzene; (b) spiropyran; (c) fulgide; (d) 
diarylethene 
 
By far the most commonly used photo-switch is azobenzene
48
. The structural 
transition which the molecule experiences upon irradiation is a great platform for the 
design of smart materials
49
. Though the mechanism of this transition still remains under 
investigation
48
, the result of the trans-to-cis photo-isomerization may easily by followed 
by means of UV-Vis spectroscopy. The maximum of absorption in the UV region 
(typically ~320-380 nm) corresponds to the π-π* transitions, whereas a low intensity 
maximum at ~450 nm is indicative of the n-π* transitions. Upon irradiation from the trans 
to the cis form, the absorption at shorter wavelengths decreases, whilst a slight increase for 
the 450 nm maximum can be observed. The trans form is thermodynamically more stable 
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and thus cis to trans isomerization occurs spontaneously in the dark following a relaxation 
process. Many factors influence the photo-isomerization behaviour and it is now perceived 
as an interplay of conditions of substituents, mobility, solvent (or lack thereof), 
temperature, intensity of irradiation source, etc. Azo derivatives have also been utilized for 
their chromophoric properties as dyes, pH or metal ion indicators, and in non-linear 
optical devices (NLOs).  
Numerous azopolymers have been prepared in the past
50
. The typical strategies 
employ the use of azobenzene derivatives in the main chain
51
 or as side
52
 groups. They 
have also been applied in the preparation of block copolymers
53
, hyperbranched polymers 
and dendrimers
54
. Amphiphilic azopolymers
55
 have been used in self-assembly processes 
to produce thin films, micelles, vesicles and manufacture surface relief gratings. An 
interesting example of translation of the change in structure upon trans to cis photo-
isomerization towards change of size in a main chain azopolymer has been demonstrated 
by Bléger et al.
56
 The azobenzene-containing poly(paraphenylene)s, (PPPs) had been 
decoupled by means of distorted twisted angles on the phenylene unit as a result of its 
substitution with long aliphatic chains, thus enabling a cis-rich state of the chromophores 
upon irradiation in this rigid system. This strategy is promising towards preparation of 
new photoactuators.  
In many cases, the use of a photo-switch (azobenzene
57
, spirobenzopyran
58
) in 
solution is accompanied by changes in solubility upon photo-isomerization. This is 
attributed to the difference in polarity of the azo moiety in its cis state, and the 
spyrobenzopyran heterolytic cleavage of the bond, which leads to formation of a charged 
species. This is often used as a means of changing the thermo-responsive properties in a 
multi-stimuli responsive system which will be discussed later.  
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1.1.3 pH-sensitive polymers 
The possibility to tune the characteristics of a polymeric system upon change in pH 
has been the subject of exhaustive research and remains relevant in terms of biological 
applications
59
. Proton donating (polyacids) or accepting groups (polybases) upon change 
in the pH value undergo protonation/deprotonation resulting in generated charges and thus 
ionic interaction. This leads to swelling behaviour (extending of the polymer chain) when 
the charge is introduced. The balance between the hydrophobicity of the polymer and the 
ionizability of the chain will determine the conformation and phase separation behaviour 
of the system. In majority of the studies
60
, weak polyacids include poly(acrylic acid), 
(PAAc), poly(methacrylic acid), (PMAAc), polysulfonamide derivatives. Some examples 
of polybases are poly(N,N-dimethylaminoethyl methacrylate), (PDMAEMA), poly(N,N-
diethylaminoethyl methacrylate), (PDEAEMA), poly(4 or 2-vinylpyridine), (PVP), 
poly(vinyl imidazole), (PVIm). In order to enhance the abruptness of phase separation, in 
many cases, hydrophobic modification is introduced (addition of comonomer). 
Furthermore the pH-response may be used to achieve degradation in the case of e.g. 
poly(ortho ester)s and poly (β-aminoester)s. Many biological polymers are pH responsive 
(chitosan, alginate). The applications of pH-responsive polymers include systems for oral 
drug-delivery, smart coatings, hydrogels, sensors, bioconjugates, and degradable 
materials. 
 
           
 
Fig. 4 Examples of pH-responsive polymers; Poly(acids): PAAc, PMAAc; Poly(bases): 
PDEAEMA, P4VP, P2VP and PVIm 
1.1.4 Other stimuli responsive polymers 
Apart from controlling the temperature, irradiation or pH and thus tuning the 
physicochemical properties, other means of stimulus-induced sensitivities are possible
61
.  
Ferrocene and tetramethyllpiperidine-1-oxyl (TEMPO) have been used in polymer 
based redox-active systems
62
. An external electric field may be used to tune the 
transmittance of liquid crystals in a polymer matrix
63
. Immobilizing finely dispersed 
magnetite particles in a hydrogel of poly(N-isopropylacrylamide-co-vinyl alcohol), 
(PNIPAM-co-PVA)
64
 results in magnetoelastic properties. Systems responsive to specific 
molecules (CO2
65
, glucose
61,66
) as well as based on host-guest inclusion complexes
67
 can 
also be produced.  
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1.2 Multi-stimuli responsive polymers 
 
With the development of modern controlled radical polymerization, new 
modification and functionalization methods which enable precise tailoring of molecular 
architecture and composition, the preparation of systems, which respond to multiple 
stimuli changes in the environment, has been gaining considerable interest in recent 
years
68
.  
When two or more stimuli responsive groups are combined within a polymer, the 
interplay of those is a base for classification and is referred to as parallel, serial or causal
68
. 
The first of which depicts a situation in which the stimuli responses are independent of 
each other. In the case of serial interplay, control of one stimuli-derived effect amplifies 
the other. Causal effect describes a system in which manipulation of one stimuli-
responsive group generates a new stimulus, which influences the outcome of the second 
responsive group. Another approach is to divide the polymers according to their 
combinatorial stimuli-responses. 
1.2.1 Double-stimuli responsive polymers 
 
Temperature and light responsive systems
69
 are most often studied. The vast library 
of thermoresponsive polymers and toolkit of photo-switchable molecules enables 
construction of numerous serial systems, majority of which result in photo-tuning of the 
thermal response. The first example of a photo-controlled LCST was reported by 
Kungwachakun in 1988
70
. In a typical example of photo-tuning of LCST, Akiyama and 
Tamaoki prepared copolymers of NIPAM and acrylamides derived with azo moieties
71
. 
The polymers exhibited photo-induced changes of the transition temperature and 
wettability of polymer films. The same team also showed the effect of azo-end groups on 
linear PNIPAM
72
.  Many other photo-tunable LCST polymers have been prepared by 
other groups over the years
73
, however the investigation of photo-tunable UCST has been 
limited to random copolymers of PNIPAM and 4-phenylazophenyl methacrylate 
(AzoMA) in an ionic liquid
74
. The concept of controlling either temperature or irradiation 
state to produce double stimuli-responsive materials
69
 has been applied to more 
complicated block copolymers, hydro and nanogels, nanocomposites. 
By manipulating the pH of a polymer solution, the outcome of its thermal response 
may be controlled. Poly(N,N-dimethylaminomethylmethacrylate), PDMAEMA
75
 is a 
prime example of a pH and thermo-responsive polymer - upon increase in pH, the cloud 
point decreases. This property has been utilized by many groups
76
 and provides an easy 
solution for the incorporation of dual responsiveness onto a system. Other strategies may 
involve synthesis of novel polymers
77
 or introducing pH-sensitive moieties (e.g. 
poly(acrylic acid)) alongside a thermo-responsive backbone
78
. Because both pH and 
temperature control are biocompatible stimuli changes, the smart polymers based on this 
dual response have potential for biomedical applications
79
. It is also possible to control the 
LCST-type transitions of a ferrocene
80
 or disulfide-containing
81
 polymers by means of a 
redox process.  
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1.2.2 Triple-stimuli responsive polymers 
 
Though possessing a higher level of complexity, systems which are capable of 
response to more than two stimuli (light, temperature and pH) are interesting candidates 
for smart precision materials. By combining units that are photo-switchable (e.g. azo 
derivatives) with thermo- and pH-sensitive PDMAEMA, polymers, which are triple-
stimuli responsive, can be prepared
82
. The LCST is affected by the protonation levels and 
irradiation. When PNIPAM is functionalized with spirobenzopyran, the thermal response 
is provided by the polymer chain and the spirobenzopyran acts as the photo and pH- 
sensitive unit
83
. In the case of using spiropyran and PDMAEMA
84
, both the polymer and 
the photo-switch contribute to the pH stimulus. Plamper et al.
85
 used 
hexacyanocobaltate(III) as a trivalent counterion, which induces a UCST transition for 
aqueous solutions of PDMAEMA (apart from the LCST, which is controllable by pH). 
Irradiation of the polymer-counterion mixture diminishes the transition. Klaikherd et al
86
. 
have prepared an amphiphilic diblock copolymer of NIPAM and THP-protected HEMA 
joined by a disulphide linkage. The self-assembled micellar system could then be 
disassembled by means of temperature, pH and redox activity. Redox-active TEMPO 
molecules may be embedded into copolymers of NIPAM and aminofunctionalized 
azobenzene moieties
87
. It was shown that the TEMPO and azo units contribute to increase 
of the LCST of the NIPAM polymer upon persistence of the corresponding stimuli. (redox 
and irradiation). Temperature and pH-sensitive hydrogels, which were responsive to 
glucose
88
 have been reported. Other examples include triple stimuli-sensitive polypeptide 
nanoparticles
89
. 
 
In summary, the stimuli-responsive behaviour in smart materials may be attributed 
to specific design features within a polymer and the choice of its architecture. Random and 
block copolymers will differ in their responsive behaviour. Thermal response may be 
induced by using specific polymers described earlier (PNIPAM, POEGMA, etc.). 
Photoswitchability is provided by low molar mass molecules capable of photo-
isomerization (azobenzene, spiropyran) or photochromism (fulgide). By introducing 
functional groups capable of protonation/deprotonation, pH-sensitivity is tailored onto the 
system. By careful consideration of these design factors along with processing conditions, 
smart materials capable of precise, targeted response may be prepared.  
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1.3 Complexing structural units of the polymers 
 
1.3.1 Calixarenes 
 
The onset of phenol-formaldehyde chemistry which was studied by Adolph von 
Baeyer, had laid grounds for the discovery of calixarenes
90
. Though early suggestions on 
the cyclic nature of some of the products of condensation were made by Zinke in the 
1950s, it was only in 1978 that structure proof was obtained by Gutsche
91
 and in 1979 by 
Andreetti
92
. Calixarenes are prepared in the acid (resorcinarenes) or base (calixarenes) -
catalysed condensation of phenol and formaldehyde and the resulting cyclic oligomers 
(typically n=4-8) comprise of phenolic units that are joined by methylene bridges. The 
latter are responsible for the flexibility of the structure and as a result different 
conformations are possible. The hydroxyl groups make up the ‘lower/narrow rim’ of the 
calixarene and the para-positions are referred to as the ‘upper/wider rim’. 
In the case of calix[4]arenes (4 phenolic units joined by 4 methylene bridges, Fig. 5) 
the accessible conformations
93
 include the cone, partial cone, 1,2-alternate and 1,3-
alternate. In many cases, the hydrogen bonding in the lower rim, renders the cone 
conformation preferred (‘chalice-like’ [ gr. calix] shape, from which the name is derived), 
however this is not straightforward and in solution, the persistence of the conformation 
also relies on the choice of solvent, substituents in the upper rim and temperature. This 
means, that interconversion between the species is possible.  
 
                
 
 
 
Fig. 5 Structure and possible conformations of calix[4]arenes. 
 
  
 
 
20 
In 1982 Donald J. Cram
94
 introduced the option to immobilize this inversion by 
means of modifying the lower rim with substituents which are larger than ethyl groups. As 
a result shape-defined molecules could be prepared.  
Much of the appeal of calixarenes comes from the difference in chemical structure 
of the upper and lower rim which translates to different reaction protocols being used
90
. 
The lower rim is prone to etherification and esterification reactions due to the hydroxyl 
group being present. The upper rim may undergo electrophilic substitution reactions upon 
removal of tert-butyl groups from the parent calix[4]arene. Furthermore, the modification 
of the lower rim may be done partially (mono, di or tri-), which results in a dissimilar 
reactivity of the upper rim (tri-,di- and mono-substitution). Many protective routes for the 
hydroxyl groups may be used and bridging of the lower or upper rim is synthetically 
feasible. These factors contribute greatly to the vast availability of structures and reactions 
and make calixarenes one of the best known cavitands in host-guest chemistry.  
The interaction with low molar mass guests is enhanced by the cyclic array of 
aromatic groups which allow for a π-rich cavity in the cone conformation.  The strength of 
the interaction may be enhanced by addition of specific functional groups enhancing 
hydrogen bonding in the upper or lower rim, crown ether linkages or metal-specific 
moieties. Calixarenes have been used in metal ion recognition
95
 and complexation
96
, 
interaction with low molar mass guests
97
, film forming
98
, biomolecular recognition
99
, 
catalysis
100
, and drug delivery
101
.  
In terms of polymer science, calixarenes have been immobilized on polymer 
supports
102
, introduced as side groups
103
 or into the main chain
104
. They have also been 
used as core molecules for the preparation of star polymers
105
 and dendrimers
106
, as well 
as in the preparation of alternating copolymers with tetrathiophene
107
.  
Different azocalixarenes have been prepared in the past, where the azo unit is 
introduced into the upper
108
 or lower rim
109
 in most cases with the purpose of metal ion 
detection
110
. However, systems incorporating more than one azocalixarene are rare
111
.  
 
Our group was the first to report on a main chain azopolymer comprising 
exclusively of calixarenes (Fig.6). To the best of our knowledge, this is also the first 
example of a ‘smart’ stimuli-responsive polymer based on calixarenes. 
 
Fig.6 Illustration of tegylated poly(azocalix[4]arene) in the trans form 
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1.3.2 Crown ethers 
 
The discovery of crown ethers by Pedersen in 1967
112
 contributed greatly to the 
establishment and understanding of supramolecular chemistry. These cyclic molecules, 
typically comprising of ethyleneoxy units, have been investigated over the years
113
 for 
numerous applications which include extraction
114
 of metal, non-metal and neutral 
molecules, phase transfer catalysis
115
, probing of biological processes
116
, 
chromatography
117
, etc. Their affinity for cations is determined by the denticity of the 
crown, which is related to size
118
, but also on the presence of heteroatoms (as is the case in 
azacrowns). The nomenclature of crown ethers (x-crown-y-ether) indicates the size of the 
macrocycle, where x-crown-y where x denotes the total number of atoms in the cyclic 
backbone and y denotes the number of oxygen atoms.  
     
Fig. 7 Examples of crown ethers:  (a) with increasing ring size: 12-crown-4, 15-crown-5 
and 18-crown 6 ether. (b) benzo-18-crown-6 and dibenzo-18-crown-6-ether.  
(c) different azacrowns. 
 
The available synthetic manipulation is defined by the unit used for closing the ring. 
In the case of benzocrown ethers, the introduction of a functional group may be done prior 
to ring closure or by means of electrophilic substitution reactions (bromination, nitration). 
Further post modification enables the synthesis of more complicated structures. 
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Crown ether polymers have been studied in the past, with the primary motivation of 
using them for extraction. The employed strategies included immobilization on polymer 
supports
119
 and incorporation into the backbone or side chain
120
. They have also been used 
in the formulation of supramolecular polymers
121
.  
Azocrown ethers
122
 capable of photo-induced isomerization have been extensively 
studied by Shinkai and incorporated as pendant groups
123
 onto polymeric frameworks. 
However, prior to our report, main chain azopolymers with crown ether units composing 
the backbone (Fig. 8) have not been reported. 
 
 
Fig.8 Structure and illustration of poly(azodibenzo-18-crown-6-ether) in the trans form. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
23 
2    Objectives of the study 
  
The primary goal of this study was to understand the interplay between stimuli 
responses in multi-stimuli responsive systems and how intricate molecular design 
contributes to the fabrication of a desired response (light, temperature, host-guest 
interactions).  
With regards to structure, the polymers were to contain molecules capable of host-
guest interactions (calixarenes and crown ethers), which were connected by photo-
switchable azo bridges.  
 
In terms of synthesis and characterization, the key objectives were: 
 
(I) The preparation of calix[4]arene monomers locked in the cone conformation. 
The development and evaluation of the available coupling methods for 
polymerization.  
 
(II) The fractionation of the polymers, understanding their response to irradiation 
and their interactions with low molar mass guests. Evaluation of the influence 
of photo-isomerization on the host-guest interaction. 
 
(III) The preparation of polymers with tegylated chains in the lower rim of the 
calix[4]arene units. Studying their thermo-responsive behaviour and the 
influence of photo-isomerization on host-guest interactions and thermal 
responsiveness. 
 
(IV) The synthesis of poly(azodibenzo-18-crown-6-ether)s and highlighting the 
versatility of the reductive coupling method. Evaluating their pH-senstivity, 
photo-isomerization and its effect on thermo-responsive properties. 
Furthermore, depicting the interaction with low molar mass guests and the 
influence of water on the observed UCST in alcohols. 
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3    Experimental 
 
This section briefly describes the synthesis of monomers, different polymerization 
procedures and characterization methods used within the study. Detailed descriptions, 
conditions and synthesis of model compounds are presented in the papers attached (I-IV). 
 
3.1   Synthesis of monomers 
 
3.1.1  5,17-di(tert)butylcalix[4]arenes (Papers I-III) 
 
The common intermediate compound, 5,17-di(tert)butylcalix[4]arene for the 
synthesis of the monomers was prepared according to Scheme 1. Parent 
tertbutylcalix[4]arene, was subjected to a diametric protection of the lower rim hydroxyl 
groups (2) with benzoyl chloride and potassium carbonate in acetonitrile. In a following 
step,   a reverse Friedel Crafts dealkylation of the upper rim employing aluminium 
trichloride and phenol in toluene selectively yielded the di(tert)butylcalix[4]arene 
derivative (3). The benzoyl groups were removed (4) by hydrolysis using sodium 
hydroxide in a mixture of tetrahydrofuran, THF water and ethanol.   
 
  
 
Scheme 1 Synthesis of 5,17-di(tert)butylcalix[4]arenes. 
 
 
 
Scheme 2 Synthesis of 5,17-dinitrocalix[4]arenes with aliphatic chains. 
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3.1.1.1 5,17-dinitrocalix[4]arenes with aliphatic chains (Papers I, II) 
  
In the case of aliphatic substitution of the lower rim (n-butyl and n-dodecyl 
chains), the etherification was carried out using 1-butylbromide or 1-dodecylbromide and 
sodium hydride in DMF (5). Upon crystallization, the cone conformer was used in an ipso 
nitration employing a mixture of nitric and acetic acid in dichloromethane, to yield the 
desired 5,17-dinitrocalix[4]arene species (6) upon crystallization from 2-propanol. 
 
3.1.1.2 5,17-dinitrocalix[4]arenes with tetraethyleneglycol monomethyl ether 
chains (Paper III) 
  
Etherification of the di(tert)butylcalix[4]arene (4)  using ethyl bromoacetate 
and potassium carbonate in acetone, yielded the spacer intermediate (7), which was 
reduced using lithium aluminium hydride  in THF. The resulting cone calix[4]arene (8) 
was then etherified by means of a mesylated triethyleneglycol monomethyl ether and 
sodium hydride in THF. Ipso nitratrion of the tegylated calix[4]arene (9) using nitric and 
acetic acid in dichloromethane resulted in the tegylated 5,17-dinitrocalix[4]arenes (10) 
upon purification by means of column chromatography. 
 
 
 
Scheme 3 Synthesis of tegylated 5,17-dinitrocalix [4]arenes. 
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3.1.2   4’,4’’ (5’’) – dinitrodibenzo-18-crown-6-ethers (Paper IV)  
 
The nitration of dibenzo-18-crown-6-ether (11) was done using nitric acid and 
acetic acid in chloroform. The 4’,4’’-species (12)  precipitates from the reaction mixture 
first and has a higher melting temperature (mp=236°C), followed by the 4’,5’’-
dinitrodibenzo-18-crown-6-ether (13) (mp=206°C) after stirring overnight.  
 
 
 
 
Scheme 4 Synthesis of 4’,4’’ (5’’) – dinitrodibenzo-18-crown-6-ethers. 
 
 
 
 
 
 
 
 
 
3.2    Polymerizations 
3.2.1   Reductive coupling of monomers 
 
The following methods were studied to prepare the azopolymers from the 
nitroderivatives through a reductive coupling protocol. The conditions were adjusted 
(temperature, solvent, concentration, coupling agent/monomer ratios) to obtain highest 
molecular weights possible.  
 
Lithium Aluminium Hydride, LAH (Paper I) 
 
In a typical procedure, lithium aluminium hydride (LAH, 25 eq.) was suspended in a 
solvent (diethyl ether, dimethoxyethane or THF) at room temperature. The 5,17-
dinitrocalixarene, (6, 1 eq) was dissolved in THF, THF/diethyl ether or dimethoxyethane. 
The reaction was stirred for 5 days. Quenching was done by slow addition of ethyl acetate 
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(CAUTION! exothermic reaction), followed by water and the extraction was subsequently 
done to dichloromethane.  
 
Sodium bis(2-methoxyethoxyaluminium hydride), Red-Al (Papers I-IV) 
 
The general procedure for the preparation of the azopolymers was as follows. 
Sodium bis(2-methoxyethoxyaluminium hydride), Red-Al (10 eq.) solution in toluene 
(65% v/v), maintained under argon was cooled to 0°C. The monomer (1 eq.) in toluene (2 
mL/mmol) was added dropwise to the reaction mixture. Stirring was continued for 2-5 
days. The reaction was quenched by careful addition of methanol (CAUTION! exothermic 
reaction). The residue was washed with 10% hydrochloric acid and extraction was done 
into dichloromethane, followed by washing with water (and/or brine).  
 
 
 
 
Scheme 5 Reductive coupling of 5,17-dinitrocalix[4]arenes using Red-Al in toluene. 
 
 
 
 
3.2.2   Oxidative coupling of oligomers 
 
           Cetyltrimethylammonium dichromate (CTADC) (Paper I) 
 
  Oligomers (1 eq.) from the reductive coupling procedures (3.2.1) were dissolved in 
chloroform (10mL/mmol) and subsequently CTADC (1 eq) was added to the reaction 
mixture followed by heating at reflux for 5 days. Evaporation of the solvent in vacuo was 
done upon cooling to room temperature and the purification was done by column 
chromatography.  
 
Iron (II) sulphate heptahydrate and potassium permanganate (Paper I)  
 
The oxidant mixture (4 eq.) of equal amounts of FeSO4*7H2O and KMnO4 (ground 
by means of mortar and pestle) was added to a solution of oligomers (1 eq) dissolved in 
chloroform and heated at reflux for 5 days. The mixture upon cooling was filtered through 
a pad of celite.  
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3.3   Fractionation of the polymers 
 
The previously described coupling methods (3.2) result in the preparation of species 
with high polydispersity, as was evidenced by size exclusion chromatography of the crude 
reaction samples. As a consequence, fractionation needed to be performed before studies 
on the characterization of the polymers could commence.  
 
The polymer crude samples were dissolved in THF at a high concentration (approx. 
25 g/L) and left stirring overnight to ensure complete solubilisation. Fractionation was 
done by careful addition of a precipitating solvent. 2-propanol was used in the case of 
aliphatic poly(azocalix[4]arene)s and hexane for the tegylated counterparts and 
poly(azodibenzo-18-crown-6-ether)s. When the cloud point was reached, the addition was 
stopped and the stirring was continued overnight. The samples were then collected by 
filtration or upon centrifugation. The resulting filtered solution, was then subjected to a 
subsequent addition of the precipitant. And the procedure was repeated until large addition 
of the non-solvent did not yield phase separation of the mixture. If a selected fraction had 
too high polydispersity, the procedure was also repeated. The molecular weight 
characteristics for the polymers which have been studied are collected in Table 1.  
 
 
Table 1.  Molecular weight characteristics of the selected polymers. 
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3.4   Characterization 
   
All the intermediate reaction products were evaluated by means of 
1
H NMR 
spectroscopy (200 MHz Varian Gemini 2000 NMR or 500 MHz Bruker Avance III) and 
where applicable by FTIR (PerkinElmer Spectrum One). The final products (monomers 
and polymers) were also studied by MALDI ToF mass spectrometry (Bruker Microflex 
equipped with 337 nm N2 laser) and 
13
C NMR spectra (500 MHz Bruker Avance III).  
 
The molecular weight characterization of the polymers was done with size exclusion 
chromatography (Waters instrument equipped with Waters Styragel HR6, HR4 and HR2 
columns (7.8x300 mm each), with UV and RI detectors (Waters 2487 UV and 2410 RI).  
Poly(styrene) standards in THF (Scientific Polymer Products, Inc.) were used as reference 
for poly(azocalix[4]arene)s and poly(methylmethacrylate) in DMF in the case of 
poly(azodibenzo-18-crown-6-ether)s (Polymer Standards Service-USA, Inc.).  
 
UV-Vis spectra of all the polymers were recorded on a Shimadzu UV-1601 PC 
spectrometer. All samples were thermally relaxed prior to measurement to induce highest 
photo-stationary levels (trans content). To study the photo-isomerization, two different 
irradiation sources were used. The internal xenon lamp of a Fluoromax-4 
Spectrofluorometer from HoribaJobin Yvon was used for samples of low polymer 
concentration. For concentrated samples (as for 
1
H NMR relaxation experiments, photo-
assisted writing) a High Power fibre-coupled LED, Black-LED-365, from Prizmatix was 
used.   
 
For light scattering measurements a set up comprising of a Brookhaven Instruments 
goniometer BIC-200SM, a BIC—TurboCorr digital auto/crosscorrelator, a BIC-CrossCorr 
detector combining two BIC-DSI detectors and a light source of a BIC Mini-L30 diode 
laser operating at 637 nm wavelength was used.  
 
Host-guest interactions were evaluated by means of 
1
H NMR, 2D NOESY, as well 
as UV-Vis spectroscopy.  
 
All turbidity measurements were performed on a JASCO J-815 CD spectrometer, 
the temperature range dependent on the sample and with varying the heating and cooling 
rates, where applicable.  
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4    Results and Discussion 
 
4.1 Synthesis of monomers (Papers I, III and IV) 
 
The availability of two sites for modification (the upper and the lower rim) which 
utilize different chemical reactions makes calixarenes a great candidate for derivatization. 
The key synthetic factors in the design of our calix[4]arene-based systems, included the 
locking of the cone conformation, whilst maintaining specific location of functional 
groups in the upper rim (5,17-positions, Fig. 9).   
 
 
Fig. 9  Structure of 25,26,27,28-tetrahydroxycalix[4]arene. 
 
In order to achieve this, different synthetic strategies needed to be explored (Fig. 10). 
Electrophilic substitution of a 25,26,27,28-tetrahydroxycalix[4]arene, may lead to 
complete substitution on all four aromatic rings and despite stoichiometric control, a 
mixture of products will be obtained resulting in low yields.  The diametrical placement of 
functional groups (in our case – nitro groups in the 5,17-positions) may be achieved by 
selective etherification/esterification of the lower rim. By using potassium carbonate in 
acetonitrile and controlling the stoichiometry, the etherification proceeds in 25,27-
positions. As a result, the remaining unsubstituted phenolic rings (26,28-positions) have a 
higher reactivity towards electrophilic substitution reactions and nitration yields a 5,17-
dinitrocalix[4]arene with substituents in 25,27-positions in the lower rim. This 
calix[4]arene is still conformationally flexible and derivatization of the 26,28-positions 
would be desired to lock the conformation. As was mentioned earlier, the interconversion 
between the 4 different conformations of calix[4]arenes (Fig. 5) is possible and the 
preferred conformation is governed by the choice of solvent, temperature and substituents 
in the upper rim. Locking of the cone conformation occurs when that particular structure is 
favoured in solution. The nitro groups present in a diametrically (25,27-positions) 
substituted calix[4]arene distort the cone conformation and the presence of bulky 
substituents results in yield loss. To enhance the synthesis yields, a new synthetic route 
was studied. 
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Several groups have reported on successful ipso nitration of tert-butylcalix[4]arene 
derivatives. The tert-butyl groups are less prone to distortion of conformation in the final 
locking step. Once again, relying on the difference in reactivities of substituted and 
unsubstituted phenols, the pathway involved the benzoylation of diametrical 26,28-
positions of a tert-butylcalix[4]arene (parent compound). The reversed Friedel Crafts on 
the product yielded the removal of tert-butyl groups from 11,23-positions, while retaining 
the functionalities in 5,17-positions. Benzoyl groups are easily removed by base (sodium 
hydroxide) hydrolysis. The obtained 5,17-di(tert)butylcalix[4]arene is then subjected to 
etherification reactions with 1-bromoalkyl chains and cone conformers may be prepared in 
relatively high yield. However, in the case of the tegylated calix[4]arenes, direct reaction 
with mesylated tetraethyleneglycol monomethyl ether, leads to a mixture of conformers. 
The introduction of a spacer by means of reaction with ethyl bromoacetate and subsequent 
hydrolysis towards 2-hydroxyethoxy derivative allows for locking of the cone 
conformation. Thus, the tegylation reaction that follows does not influence the 
conformation. The ipso nitration that takes place in the next step follows a colour change 
(purple to dark yellow), which allows for easy depiction of the end of the reaction and thus 
translates to high nitration yields. The alkylated calixarenes were isolated (Fig. 11a-b) 
upon crystallization from 2-propanol and the tegylated species (Fig. 11c) were subjected 
to column chromatography (10% methanol in chlorofrorm).  
 
 
Fig. 10 Strategies for selective nitration of calix[4]arenes; (a) nitration on unsubstituted 
phenols. (b) ipso nitration on substituted tert-butylcalix[4]arene derivatives.  
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The preparation of dinitrodibenzo-18-crown-6-ethers (Fig. 11d) was done according 
to known literature procedures by means of nitric and acetic acid in chloroform. The 
separation of the 4’,4’’- and 4’,5’’- species (Scheme 4) proceeds via precipitation of the 
first early on in the reaction and the 4’,5’’-counterpart remains in the reaction mixture. 
The 
1
H NMR spectra do not discern the difference, but the differentiating parameter is 
their melting point.   
 
 
 
 
Fig. 11 1H NMR spectra of (a) cone 5,17-dinitrocalix[4]arene with n-butyl chains, (b) n-
dodecyl chains, (c) tetraethyleneglycol monomethyl ether chains in CDCl3 and (d) magnification 
of 
1H NMR spectrum of 4’,4’’-dinitrodibenzo-18-crown-6-ether in DMSO-d6. 
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4.2 Polymerization (Papers I, III and IV) 
 
In the early stages of the study, trial reactions on the reductive coupling of 5,17-
dinitrocalixarenes using lithium aluminium hydride as the coupling agent showed 
potential in the preparation of the azopolymers. However the molecular weight obtained 
was indicative of only short oligomers being formed (n<10), which meant that optimising 
the conditions was necessary. A series of polymerizations in which the concentration, 
solvent and temperature were varied (Paper 1, ESI, Table S1), showed that best results are 
obtained for concentrated conditions in which diethyl ether is used with minimal amount 
of THF at room temperature. In all cases, short oligomers were formed, leading us to 
believe that the end groups may be unreactive in the coupling conditions. FTIR 
measurements of the oligomers showed disappearance of strong Ar-NO2 signals at 1524, 
1347, and 745 cm
-1
. If we consider the possible pathways (Fig.12) of reduction and the 
coupling towards azo-formation, we see that the nonreactive group would be the amino 
functionality. If the reduction towards the amine proceeds faster than the dimerization of 
nitroso groups, coupling of nitrosobenzene (15) and phenylhydroxylamine (16) or 
nitrosobenzene and aniline (17), then the preparation of short oligomers may be expected.  
 
 
 
Fig. 12 Possible reduction of nitrobenzene (14) to aniline (17) and azobenzene (18). 
 
Two different procedures for oxidative coupling of aniline-derivatives were 
investigated, one employing cetyltrimethylammonium dichromate in chloroform and the 
other iron(II)sulphate heptahydrate with potassium permanganate in chloroform or 
dichloromethane. The SEC eluograms of the oligomers prior to and after the reactions 
(Paper 1, ESI, Fig. S1 and S2) indicated the development of larger polymers with 
simultaneous decrease in oligomer content. This strategy however would require a two-
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step process and the purification of the polymers and subsequent yield loss would favour a 
one-step procedure.  
Given the difference in reactivity of the lithium aluminium hydride process based on 
the solvent choice, the partial solubility of the LAH agent was called into question. An 
industrial stable equivalent of LAH, sodium bis(2-methoxyethoxy)aluminium hydride in 
toluene, Red-Al was thus used for coupling reactions (Scheme 5).  This route allows for 
more control over the agent, as it is completely soluble in the reaction mixture. When 
analysing the SEC traces (Fig. 13), larger molecular weight polymers were produced 
(when referenced to the LAH reactions) though short oligomers were also present in the 
crude mixtures. Upon precipitation, polymers with DP of 50 could be isolated. 
As a general remark, we observed that using low temperature, high concentration 
and adjusting the coupling agent-to-monomer ratios leads to efficient azo-bridge formation 
and this resulted in the preparation of main chain azopolymers (Papers I, III and IV) in 
good yields.  
 
 
Fig. 13  Comparison of SEC traces of 5,17-dinitrocalix[4]arene with butyl chains (black 
line); crude polymerization reaction (red line) and n-butyloxy poly(azocalix[4]arene) precipitate 
(blue line). Source: Paper I. 
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The coupling reaction which results in the preparation of polymers is a step growth 
process and the polymerization mixture contains a broad distribution of molecular 
weights.  A way to overcome this problem would be to fractionate the crude mixtures and 
thus derive polymers with moderate polydispersity. Preliminary attempts at fractionation 
of aliphatic poly(azocalix[4]arene)s using methanol from chloroform or membrane 
dialysis (Paper II) proved to be unsuccessful. However, when the polymers were 
dissolved in a good solvent (THF) and 2-propanol was used as the precipitating agent, the 
collected fractions for both the n-butoxy and n-dodecyloxy (Fig. 14) 
poly(azocalix[4]arene)s showed a significant decrease in polydispersity.  
 
 
Fig. 14 (a): Fractions collected from crude reaction mixture. Monomer, DNCalixC12 (─), 
Crude reaction, AZ2C12 (─), Fraction 1 (─), 2 (─), 3 (─); (b): Fractions collected from 
reprecipitation of Fraction 1. Monomer, DNCalixC12 (─), Fraction 1 (─), Precipitate 1 (─), 2 
(─), 3 (─) from Fraction 1 (Source: Paper II). 
 
The same fractionation approach was used for tegylated poly(azocalix[4]arene)s 
(Paper III) and the poly(azodibenzo-18-crown-6-ether)s (Paper IV). In both studies, the 
precipitating solvent was hexane from solutions of the polymers in THF.  The molecular 
weight characteristics of the polymers, which have been studied in Papers I-IV have been 
collected in Table 1.  
Upon fractionation, the polymers were analysed by 
1
H NMR spectroscopy (Fig. 15). 
For all samples,  (Papers I-IV) the formation of an azo-bridge (proton signal between 7.5-
7.85 ppm) could be observed as was a broadening of the signals indicative of reduced 
mobility, which is characteristic of polymeric systems. In the case of 
poly(azocalix[4]arene)s (Papers I-III), the conformation of the calix[4]arene unit is 
influenced by the coupling. The cone conformation becomes pinched (C2v-symmetry, 
referenced to monomer) which is evidenced by an upfield shift of the proton signals (6.73 
to 6.29 ppm, b to b’, Fig. 15) corresponding to the unsubstituted aromatic rings, which are 
now in closer proximity to each other. This is further supported by an enhanced difference 
in chemical shifts of the signals corresponding to the methylene bridge (c’ and f’, Fig. 15).  
  
 
 
36 
 
 
Fig. 15  Comparison of 
1
H NMR spectra in CDCl3 of monomer, n-butoxy 5,17-
dinitrocalix[4]arene (above) and n-butoxy poly(azocalix[4]arene (below).  
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4.3   Photo-isomerization (Papers II- IV) 
 
Apart from using calix[4]arenes and dibenzo-18-crown-6-ethers as the framework 
for the polymers, an important feature in the design of these systems is the azo-bridges, 
which are incorporated into the backbone. The reversible trans-to-cis photo-isomerization 
of the linkages could potentially influence the conformation of the polymer and thus 
translate to other properties which needed to be studied. Low molar mass model 
azocompounds were prepared to serve as a reference in these investigations (Papers II-
IV). The polymers were first studied by means of UV-Vis spectroscopy to determine the 
extent of the photo-isomerization (Fig. 16), which was dependent on the choice of solvent 
and concentration. Lowest photo-stationary states (PSS) were obtained for solutions of the 
polymers in THF (Fig. 17).  
 
Fig. 16.  Example of photo-isomerization study on tegylated poly(azocalix[4]arene), DP=10 
in THF (c=0.2 g/L). (a) trans-to-cis photo-isomerization; (b) cis-to-trans photo-isomerization; (c) 
thermal relaxation at 20°C; (d) thermal relaxation at 50°C.  
 
 
As can be seen from Fig. 17, the dependence of the photo-isomerization on the 
degree of polymerization is negligible. The model compounds have a higher isomerization 
rate and reach very low photo-stationary states (photo-induced chemical equilibrium of 
isomers), indicating that the molecules are predominantly in the cis state. The higher 
values for the polymers, suggest that despite long irradiation times, several (approx. 20%) 
trans bonds are present and the systems are never all trans or all cis. This may be due to 
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steric hindrance. When the quality of the solvent is reduced, the PSS levels are 
proportionally higher.  
The cis-to-trans photo-isomerization also bears the same pattern. Upon irradiation 
with 450 nm, a plateau region is reached at approximately 85-95% of initial maximum 
absorption (prior to irradiation), however given enough time (12-24h), the polymers regain 
their absorption intensity from before irradiation.  
The cis-to-trans isomerization may also be driven by means of thermal relaxation in 
absence of irradiation, as the trans form of the azo-bridge is preferred. The higher the 
temperature, the faster the isomerization process.  
 
 
Fig. 17.  Comparison of the absorption decays Amax(t)/Amax(0) upon trans-to-cis photo-
isomerization in THF of (a) n-butoxy poly(azocalix[4]arene)s; (b) n-dodecyloxy 
poly(azocalix[4]arene)s; (c) tegylated poly(azocalix[4]arene)s and (d) poly(azodibenzo-18-crown-
6-ether)s in various solvents.  
 
To further understand the photo-induced transition, 
1
H NMR studies were performed 
to evaluate the structural changes which the molecules undergo upon 
irradiation/relaxation. Firstly the model compounds (for poly(azodibenzo-18-crown-6-
ether)s see Paper IV, ESI, Fig. S14) were subjected to irradiation and comparing the 
spectra in deuterated chloroform prior and post irradiation (Fig. 18) showed differences in 
chemical shifts characteristic of the azobenzene photo-isomerization.  
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Fig. 18 
1
H NMR spectrum in CDCl3 of model compound, MC4, before (red) and after 
(black) irradiation (Source: Paper II). 
 
The signals at 7.85 ppm (Fig. 18 - a), corresponding to the protons adjacent (ortho) 
to the azo-bridge are shifted upfield to the value of 6.88 ppm. The meta protons 
experience a smaller shift (from 6.98 to 6.76 ppm) as do the signals derived from the 
aliphatic chain. Both samples contain traces of the other isomer. In a subsequent step, the 
photo-isomerization of the polymers was evaluated by 
1
H NMR (Fig. 19).  
 
 
Fig. 19  Example of photo-isomerization of poly(azocalix[4]arene)s: 
1
H NMR spectrum of 
A35C12 before (red) and after (black) irradiation (Source: Paper II). 
 
 
The 
1
H NMR spectra of trans-rich poly(azocalix[4]arene)s with n-dodecyl chains gives 
proton signals at 7.92 ppm (ortho to azo-bridge, a), and the peak of the unsubstituted 
aromatic rings (11,23 – positions) of the calixarene moiety at  6.24 ppm (Fig. 19, b). The 
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large upfield shift of the latter indicates that the opposing aromatic groups are oriented in 
close proximity to each other, and thus a pinched cone conformation of the calixarene unit 
is proposed
124
. The methylene bridge protons (c and c*) appear at 4.56 and 3.36 ppm.  
Upon irradiation, the ortho-position a’ protons are shifted to 6.92 ppm and the 
unsubstituted aromatic group signals (Fig. 19, b’) are split. Furthermore the methylene 
bridge protons experience an upfield shift, (4.40 and 3.04 ppm, c’ and c*’). And the 
separation of the methylene bridge protons changes from 1.20 (Δδc-c*) to 1.36 (Δδc’-c*’) 
ppm. The aliphatic chain protons (d’ and e’) show a decrease in separation and an upfield 
shift. These changes in the spectrum led us to believe, that in order to accommodate the 
trans-to-cis photo-isomerization, the calixarene units, which still retain a bit of flexibility, 
adopt a more flattened pinched cone conformation (Fig. 20). This is supported by 
simultaneous splitting of the 11,23-position proton signals, increase in the separation of 
the methylene bridge protons (Δδc’-c*’), decrease in the separation of the OCH2 aliphatic 
protons (Δδd’-e*’) and an overall upfield shift.  
 
 
Fig. 20 Graphic depiction of the flattening of the pinched cone conformation of the 
calix[4]arene unit in poly(azocalixa[4]arenes upon photo-isomerization. 
  
Additionally to the conformational analysis, the relaxation of the polymers may be 
followed by 
1
H NMR (Paper II, ESI, Fig. S9-S11; Paper III, SI, Fig. S7).  
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In the case of the poly(azodibenzo-18-crown-6-ether)s, the crown ether unit remains 
flexible. The structural transition and relaxation (Fig. 21) is evidenced by the proton 
signals at 7.6, 7.52 and 7.08 ppm for the trans-rich polymers, which upon irradiation are 
shifted to 7.15, 6.7 and 6.4 ppm. The intensity of the crown ether peaks changes, but no 
upfield shifts are observed.  
 
 
Fig. 21 Comparison of 
1
H NMR spectra of PADBCE-F1 in CDCl3 (2.5 g/L at 20
°
C) upon 
relaxation from (a) cis to (j) trans state. (b) 0.5 h; (c) 1 h (d) 1.5 h (e) 2 h (f) 3 h (g) 4 h (h) 6 h (i) 
8 h from irradiation (Source: Paper IV).  
 
The effect of the transition on the size of the polymers was studied by SEC (Paper 
II, ESI, Fig. S18; Paper IV, ESI, Fig. S15) and LS (Paper II, ESI, Fig. S19). Samples in 
THF (poly(azocalix[4]arene)s and DMF (poly(azodibenzo-18-crown-6-ether)s) in the 
trans and cis rich state were  prepared and eluograms were recorded with UV-detection set 
to 365 (or 369) nm to monitor the PSS values upon elution. Only minimal changes in the 
retention time could be observed, indicating that there is no significant change in the size 
of the macromolecules upon irradiation. This may be attributed to the relative flexibility of 
both the calixarene and crown-ether units in the polymers, as well as presence of distortive 
trans bonds. The photo-response can thus be classified as a reversible structural, isomeric 
change of the azo-bridge, which may influence the conformation of the polymeric units 
and induce local mobility in the polymer backbone, change the absorption properties but 
does not translate to a difference in size.  
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4.4 Host-Guest Interactions (Papers II- IV) 
 
The idea behind using calixarenes and crown ethers as the structural components in 
our polymers was to produce systems capable of host-guest interactions. Both calixarenes 
and crown ethers have been shown to interact with low molar mass cationic organic 
guests. In the latter case, the size and denticity of the crown enables complex formation 
with alkali metal ions.  
The advantage of using pyridinium-based low molar mass guests lays in the fact, 
that the large downfield chemical shifts of the aromatic groups may easily be monitored 
by 
1
H NMR (Paper V). Upon complex formation, upfield shift of the proton signals may 
be observed, indicative of the extent of interaction. In the first studies (Paper II) 
hexadecylpyridinium chloride, C16Py
+
, was used as the guest compound. The chemical 
shifts of the aromatic ring (Hα, Hβ, Hγ) in free solution appear at 9.55, 8.14 and 8.50 ppm 
(Fig. 22). When the monitoring is done for the Hγ (para to the nitrogen atom), titration in 
the presence of the host polymer, n-butyloxy poly(azocalix[4]arene) results in the 
evolution of a signal at 8.28 ppm (0.32 ppm difference). Subsequent additions of the guest 
shift the signals downfield, indicating that the interaction is strong enough to be observed, 
even in the absence of free hydroxyl groups on the calix[4]arene.  
 
 
Fig. 22 Magnification of the 
1
H NMR spectra (7.7-10 ppm) of the pyridinium-based guest, 
C16Py+ upon titration of the host A19C4 in CDCl3: (a) A19C4 before addition, (b to i) subsequent 
additions, and (j) C16Py+ in the absence of host (Source: Paper II). 
  
 
 
43 
2D NOESY experiments however did not yield relevant data suggesting a spatially 
fixed complex of the guest with the host, as the lifetime of the interaction is short 
compared to the NMR timescale. Diffusion measurements for the guest (DG=6.8×10
-10
m
2
s
-
1
) and host (DH=1.54×10
-10
m
2
s
-1
) were referenced to the supposed complex 
(Dcomp=1.58×10
-10
m
2
s
-1
) and showed no significant change in the values. The conclusion 
from these experiments was that the complex is a short lived one, dynamic in terms of the 
NMR timescale, in which the pyridinium guest ‘senses’ the presence of the calixarene 
units, but no distinction into bound and free guests can be made.   
 If the same titration conditions are applied to n-dodecyloxy poly(azocalix[4]arene)s, 
the guest signals are shifted, but to a smaller extent (Fig. 23a). This is not surprising, as 
the bulkier dodecyl chains render the cavity of the calixarenes less accessible.  
 
 
 
Fig. 23 (a) Comparison of the chemical shifts monitored for Hγ of the pyridinium guest in 
the absence (▲) and presence of A19C4 (■) and A25C12 (●) poly(azocalix[4]arene) fractions in 
CDCl3. (b) Chemical shifts monitored for Hγ of the pyridinium guest in the absence (▲) and 
presence of the A19C4 poly(azocalix[4]arene) fractions in the trans (■)  and cis form (●) in 
CDCl3 (Source: Paper II). 
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Furthermore, if the titration of the polymers is done in the presence of the guest in 
the trans or cis rich state, the complex formation is shown to be diminished in the case of 
the cis polymers (Fig 23b). A possible explanation of this decrease in interaction may be  
the change in the conformation of the calixarene unit upon photo-isomerization. The more 
flattened pinched cone conformation in the cis form leads to a weaker interaction with the 
guest. A following experiment was performed to evaluate the photo-tuning of preformed 
complexes (Fig. 24). The trans rich polymers were complexed with the C16Py
+
 guests, 
and the chemical shift for the Hα protons of the pyridinium gave a signal at 9.20 ppm. 
Upon irradiation to the cis rich state, the signals were shifted to 9.31 ppm. Relaxation of 
the samples (70% trans/30% cis PSS) gave an intermediate value of 9.25 ppm before 
complete relaxation to the trans form and regaining of the 9.20 ppm signal.  
 
 
 
Fig. 24 Magnification of the 
1
H NMR spectra (7.5-10 ppm) of the pyridinium-based guest, 
C16Py
+
(c=1.0 mmol/L)  upon titration of the host A19C4 (c(calix)=3.6 mmol/L) in CDCl3: (a) 
trans A19C4 before addition, (b) trans A19C4 in presence of guest, (c) cis A19C4 after irradiation 
with 365 nm (d) intermediate state A19C4 – 450nm irradiation (e) after irradiation with 450 nm 
(f) upon thermal relaxation, (g) C16Py
+
 in absence of host (Source: Paper II). 
 
It is noteworthy that the model compound, MCazo (Paper II, ESI, Fig. S20-S23) 
which was prepared for complexation studies: a 5,17-diazoarylcalix[4]arene with n-butyl 
chains in the lower rim did not show any interaction with the guest in either the trans nor 
the cis forms. The reason for this may be the inaccessibility of the cavity as a result of 
interpenetration of the azoaryl moieties or aggregation.  
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For the tegylated poly(azocalix[4]arene)s, the guest was exchanged. N-methyl 
pyridinium iodide, NMPI, was used to maximize the interaction with the cavity, as long 
tetratethyleneglycol monomenthyl ether chains required a less bulky guest than C16Py
+
 
for titration experiments. As was the case for the aliphatic poly(azocalix[4]arene)s, the 
polymers showed large difference in interaction with the guest in the trans and the cis 
forms (Paper III, Fig. 3). 
NMPI was also used to evaluate host-guest interactions by 
1
H NMR spectroscopy 
for poly(azodibenzo-18crown-6-ether)s. The pyridinium aromatic signals (Hα, Hβ, Hγ) in 
free solution (CDCl3) appear at 9.32, 8.15 and 8.53 ppm. When titration is performed on 
the solutions containing the trans-rich polymers, a large upfield shift of the Hα protons 
from 9.32 to 8.65 ppm can be observed (Fig. 25). However, no significant change in the 
interaction can be seen when the titration is done in the presence of cis polymers. A 
significantly weaker interaction is observed for the dimeric model compounds, both in the 
trans and cis state. The difference in interaction between the polymers and reference 
compounds, may indicate that in the case of the polymers, the NMPI guests interact with 
more than one crown ether unit.  
 
 
Fig. 25 Comparison of the chemical shifts monitored for Hα of the pyridinium guest in free 
solution (); in the presence of trans-rich (●) and cis-rich (●) host model compound, MC, and 
trans-rich (▲ ) and cis-rich (▼ ) host polymer). c=6.5 mmol/L as calcd per crown ether unit 
(Source: Paper IV). 
 
We also wanted to study the complex formation of the polymers with alkali metal 
ions (K
+
 and Ba
2+
). The limited solubility of the KClO4 salt in common organic solvents 
led us to focus on the barium counterpart. The UV-Vis spectra of the polymers were 
recorded before and after addition of the guests. The formed complexes were then 
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subjected to irradiation and spectra were compared to the photo-isomerization results of 
the pure polymers. In highly polar DMSO, no shifts of absorption maxima could be 
observed. For DMF solutions a slight hypsochromic shift for the K
+
 and in THF for Ba
2+
 
could be observed, no significant effect on photo-isomerization could be deduced. 
Addition of minimal amount of the barium salt to chloroform solutions of the polymers 
led to a large 12 nm hypsochromic shift and phase separation of the polymers (Paper IV, 
ESI, Fig. S18). The phase separation could be overcome by addition of more than 15% 
(v/v) of a cosolvent (acetonitrile). Irradiation of 25% acetonitrile-chloroform solutions 
demonstrated restricted photo-isomerization behaviour which was diminished in 50% 
acetonitrile-chloroform (ACN-CHCl3) solutions.  
Transmittance measurements (Fig. 26) were done for samples of the polymers and 
model compounds with NMPI in chloroform and Ba
2+
 in 50% ACN-CHCl3. Addition of a 
low amount of barium to the polymers results in a rapid precipitation, which is not 
observable for the dimeric model compounds. Upon exceeding of a 1:2 (guest: host) molar 
ratio of NMPI to polymer in chloroform, the transmittance in the polymer solution 
decreases slowly, leading to complete phase separation at higher ratios. No effect of guest 
addition on the model compound solutions could be observed. The phase separation 
suggests that upon addition, the ions act as intermolecular crosslinkers for the polymers in 
these (co)solvent systems.  
 
 
Fig. 26  Transmittance measurements (600 nm) as a function of added guest. 
 
Incorporating calixarene or crown ether units into the backbone of a polymer results 
in systems capable of host-guest interactions. Additionally, in the case of 
poly(azocalix[4]arene)s the extent of the interaction with low molar mass guests may be 
controlled by photo-isomerization. For crown-ether containing azopolymers, this photo-
tuning is absent, but the added guests may act as crosslinkers between the polymers.  
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4.5 Thermo-responsiveness (Papers III and IV) 
 
Recently, poly[oligo(ethylene glycol methyl ether) methacrylate], POEGMA has 
been shown to undergo LCST-type transitions in water
125
 and UCST-type behaviour in 
alcohols
33
. Building on these studies, we wanted to prepare  poly(azocalixa[4]arene)s 
derivatized with tetraethylene glycol monomethyl ether in the lower rim and investigate 
their thermo-responsiveness in the above mentioned solvents.  
The tegylated poly(azocalix[4]arene)s showed temperature-dependent solubilisation 
in water and alcohols. The aqueous solutions were subjected to turbidity measurements 
(Fig. 27). At low temperatures the polymers are soluble in water. Upon increase in 
temperature, phase separation occurs. This LCST-type behaviour is strongly dependent on 
the degree of polymerization, as only oligomers (DP<7) could be readily solubilized under 
the applied concentration conditions (1.5 g/L). When the degree of polymerization 
exceeds 10, the samples are turbid (68% transmittance). Diluting the sample (0.5 g/L) 
leads to increase in transmittance, however at a cost of broadening of the transition range. 
A possible way to overcome this decreased solubility for larger polymers, will be to use 
longer ethylene glycol chains (n>4) in the future. The monomer used in the preparation of 
the polymers (tegylated 5,17-dinitrocalix[4]arene) is not soluble in water at any 
temperature.  
 
Fig. 27 Transmittance plots as a function of temperature for aqueous solutions of 
AZTEGOMe10 (DP=10) at c=0.5 g/L (-), c=1.5 g/L (-) and AZTEGOMe 7(DP<7) at c=1.5 g/L (-) 
done with a heating rate of 1°C/min. Photographic inserts represent the solution of 
AZTEGOMe7before (left) and after (right) the LCST phase transition (Source: Paper III). 
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In a subsequent study, samples of the polymers in alcohols (varying DP, 
concentration and alcohol) were prepared and investigated for their thermo-responsive 
properties. At low concentrations (0.5 g/L) only the polymers in 2-propanol showed 
UCST-type transitions. Increasing the concentration to 1.5 g/L yielded the occurrence of 
the UCST also for the samples in ethanol and n-propanol. In the case of methanol 
solutions, the transition takes place at approximately -20°C, which is not in the measuring 
range of the instrumental set up. This suggests that the longer, branched alcohol chain 
gives a higher UCST-transition. The demixing temperatures are also strongly dependent 
on the degree of polymerization and the concentration of the samples (Fig. 28 and Table 
2).  
Fig. 28 Transmittance vs. temperature plots for samples AZTEGOMe10 and AZTEGOMe20 
at different concentration in ethanol done with a cooling rate of 1°C/min (Source: Paper III). 
Table 2 Summary of UCST cloud point characteristics of polymer samples AZTEGOME10 
and AZTEGOMe20 in alcohol solutions (Source: Paper III). 
Sample   ̅̅̅̅̅ Solvent Concentration (g/L) 
Cloud 
Point (°C) 
AZTEGOMe10 10 EtOH 1.5 -5 
AZTEGOMe10 10 nPrOH 1.5 -5 
AZTEGOMe10 10 iPrOH 1.5 27 
AZTEGOMe20 20 MeOH 1.5 -20* 
AZTEGOMe20 20 EtOH 1.5 7 
AZTEGOMe20 20 EtOH 1.8 11 
AZTEGOMe20 20 EtOH 2.5 23 
AZTEGOMe20 20 nPrOH 1.5 7 
AZTEGOMe20 20 iPrOH 1.5 38 
* discerned for refrigerated sample 
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To further understand the transition, LS measurements (Fig. 29) were done on a 
trans AZTEGOME20 (DP=20) polymer in ethanol (2.5 g/L). The sample was equilibrated 
at each temperature step until intensity of scattered light at 90° angle was constant. For 
temperatures above UCST, most of the polymers were dissolved on a molecular level 
(dh=8-9 nm). Upon reaching the temperature at which the phase separation takes place, the 
intensity of scattered light increases. However the hydrodynamic diameter, dh of the 
particles left in solution decreases, which would indicate that larger species undergo the 
phase separation prior to the smaller, resulting in a thermally driven fractionation. 
 
 
Fig. 29  Intensity of scattered light at 90°angle (left axis) and  the hydrodynamic diameter 
(right axis) as function of temperature for solution of trans- rich AZTEGOMe20 in ethanol (c=2.5 
g/L) (Source: Paper III). 
 
Irradiation of the polymers in alcohols leads to high photo-stationary states (Paper 
III, SI, Fig.S15-S18), but the photo-isomerization is nevertheless possible. Inducing lower 
PSS values was possible when a higher intensity irradiation source was used.  
We then wanted to evaluate the influence of the photo-isomerization on the thermo-
responsive behaviour of the polymers in alcohols. A sample of the trans-rich 
AZTEGOME20 in ethanol (2.25 g/L) gave a cloud point of 21°C. Upon irradiation at 
25°C with 365 nm wavelength, the PSS was determined from UV-Vis spectra and the 
sample was subjected to turbidity measurements. Interestingly, a decrease in the cloud 
point temperature could be observed, which was proportional to the decrease in the trans 
content of the sample (Fig. 30-31).  
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Fig. 30 Transmittance vs. Temperature plots for AZTEGOMe20 in ethanol (c=2.5 g/L) 
upon irradiation to different photo-stationary states (trans content). Cooling rate = 1°C/min.   
 
   
Fig. 31 Plot of the cloud point as a function of photo-induced trans content from 
measurements done with cooling rate of 1°C/min (Source: Paper III). 
 
It is noteworthy, that as the photo-isomerization is a reversible process, either by 
means of irradation with 450 nm wavelength or via thermal relaxation, the observed 
decrease in cloud point is also reversible. Thus the photo-isomerization becomes a 
convenient tool for the control and tuning of the UCST. 
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Irradiation of the polymer alcohol solutions below the UCST (in the phase separated 
state) also induces photo-isomerization and subsequent decrease in the trans content 
resulting in redissolution of the polymers in the alcohol. When this irradiation is done 
locally on a suspension of the polymer in a thin 1mm quartz cuvette (Fig. 32), translucent 
regions corresponding to lower trans content could be produced offering us a possibility to 
write on the liquid samples with the wavelength characteristic of the trans-to-cis photo-
isomerization. As a result of the competing thermal relaxation, the images disappear given 
enough time (dependent on temperature, concentration, alcohol and irradiation exposure 
time), in the present case after 2-3 h at 20°C. 
 
 
 
Fig. 32 Photographs of AZTEGOMe20 in ethanol (c=2.5 g/L) (a) at 20°C before 
irradiation; (b) after photo-assisted printing at 20°C; (c) at 40°C  and (d) at 20°C after thermal 
relaxation/erasing (Source: Paper III). 
 
In the case of the trans-rich polymers, the alternating orientation of the chains along 
the rigid polymer backbone (Fig. 33) may promote intermolecular interaction between the 
polymers. Upon photo-isomerization, the orientation of the chains in the cis-rich species 
changes and intermolecular interactions may be favoured. Another explanation may be 
attributed to changes in polarity of the azo-bridges upon isomerization.  
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Fig. 33 Illustration of tegylated poly(azocalix[4]arene)s in the (a) trans and (b) cis form 
 
When looking at the structure of the poly(azodibenzo-18-crown-6-ether)s, we see that 
the ethylene oxide units are arranged in a cyclic crown ether moiety which has been joined 
by azobenzene-derivatives (Fig. 34). Early on in the studies, we could observe that the 
polymers become soluble in alcohols upon increase in temperature, and thus they 
demonstrate UCST-type transitions.  
 
 
 
Fig. 34 Structure of poly(azodibenzo-18-crown-6-ether)s 
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The thermo-responsive properties were studied for samples with varying degree of 
polymerization (DP=12 and 18), concentration (0.5, 1 and 2 g/L) and alcohol (methanol, 
ethanol, 2-propanol). The same polymer fraction (DP=12) at a concentration of 2 g/L gave 
a cloud point in methanol at 52°C and for ethanol and 2-propanol at 57°C. Much larger 
dependence of the demixing temperature was observed for concentration change. At 1 g/L 
the cloud point was shifted to 46°C, which was further reduced to 35°C for 0.5 g/L. A 
similar dependence was observed when varying the degree of polymerization of the 
samples in methanol at 0.8 g/L. The UCST-type transitions in the case of 
poly(azodibenzo-18-crown-6-ether)s can thus be tuned by means of concentration, degree 
of polymerization and alcohol choice.  
Drawing from our previous experience with tegylated poly(azocalixa[4]arene)s, we 
proceeded to studying the influence of photo-isomerization on the thermal responsiveness 
of our crown ether azopolymers. A sample of the polymer (DP=18) in methanol (0.8g/L) 
was kept at 50°C prior to the study to induce the highest possible photo-stationary state. 
UV-Vis spectra were recorded after each irradiation step and before the consecutive 
turbidity measurement (Fig. 35). A significant shift of the cloud point from 45°C in the 
trans rich state to 15°C at 35% of the initial trans content was observed and the 
relationship between the demixing temperature and trans content was shown to be 
proportional (Fig. 36). Thermal relaxation back to the trans form results in the polymers 
regaining their cloud point from prior to irradiation within 24h. 
  
Fig. 35 Transmittance vs. temperature plots for PADBCE-F1 in methanol (0.8 g/L) upon 
irradiation to different photo-stationary state (trans content) (Source: Paper IV). 
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Fig. 36 Plot of the cloud point as a function of photo-induced trans content for PADBCE-
F1 in methanol (0.8 g/L) (Source: Paper IV). 
 
Similarly to reports by Roth et al
33
, our tegylated poly(azocalix[4]arene)s and 
poly(azodibenzo-18-crown-6-ether)s showed strong dependence of the cloud point on 
water content within the alcohol sample. In the first case, minimal addition (0.5% v/v) of 
water to a polymer fraction AZTEGOMe20 in ethanol (2.5 g/L) resulted in a shift of the 
demixing temperature by 10°C. Subsequent additions lead to further shifts and for the 
98% alcohol solution no cloud point can be detected (Paper III, SI, Fig. S20). The strong 
hydrogen bonding activity of water results in increased solubility of the tegylated units. 
The crown ether polymers have a more robust response to changes in water content. 
The polymer fraction (DP=12) in 100% ethanol (0.5 g/L) gives a cloud point at 26°C. 
Addition of 2% (v/v) of water to the resulting 98% ethanol solution decreases the 
demixing temperature to 18°C. Subsequent measurements for 87.5% and 75% samples did 
not yield a detectable cloud point, however when the alcohol content was further lowered 
to 62.5%, the UCST reappeared at 11°C. At 50% ethanol: water, the cloud point occurred 
at 30°C and further decrease of alcohol content (40% and 30%) gave a transition at 50°C 
and 62°C respectively (Fig. 37).  It is noteworthy, that in both polymers, the photo-tuning 
of the UCST could be observed, when the transition occurred in the measurable range of 
the instrumental set up. We can thus add another means of controlling the thermo-
responsiveness of the polymers by simple adjusting of solvent composition.  
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Fig. 37 (a) Transmittance vs. temperature plots for PADBCE-F2 (0.5 g/L) in various 
ethanol: water mixtures. (b) Cloud point temperature vs. ethanol: water content (values for 87,5% 
and 75% have been estimated from extrapolation) (Source: Paper IV). 
 
In the case of the poly(azodibenzo-18-crown-6-ether)s, the effect of alkali metal 
addition was also evaluated. Barium ions were added to the alcohol solutions of the 
polymers and an increase in cloud point could be observed (Fig. 38). At the same time, the 
extent of photo-tuning of the UCST is decreased upon subsequent additions of the salt. 
However, the photo-isomerization takes place (Paper IV, ESI, Fig. S23), which indicates 
that the diminished photo-tuning of the UCST is a result of strong, yet dynamic interaction 
with the barium ions rather than restricted photo-isomerization.  
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Fig. 38 Transmittance vs. temperature plots for PADBCE-F2 (0.5 g/L) in ethanol upon 
titration with barium ions (Ba
2+
: polymer = 1:4, 1:1.5 and 4:1) at different PSS (Source: Paper 
IV). 
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4.6  Solvatochromism and pH-sensitivity (Paper IV) 
 
The azobenzene derivatives in the structure of the poly(azodibenzo-18-crown-6-
ether)s act as chromophores which are capable of sensing changes in the environment of 
the polymer. One of the simplest ways to highlight this property is by looking into the 
UV-Vis spectra of the free polymers in various solvents. Depending on the polarity of the 
solvent
126, different shift of the maximum absorption corresponding to the π-π* transitions 
can be observed (Fig. 39a). In DMSO the transition occurs at 373 nm, for DMF that value 
is shifted to 369nm, in THF at 365 nm and chloroform at 363 nm.  
 Changes in the pH of the solutions also generate a spectral output (Fig. 39b). 
Lowering the pH of the THF solutions of the polymers results in the appearance of an 
absorption maximum at 530 nm, which is increased upon further addition of acid. This 
may be attributed to protonation of one of the nitrogen atoms of the azo-bridge
127
. The 
photo-isomerization on these protonated species could not be induced despite long 
irradiation times. It is noteworthy, that this pH-sensitivity is valid for all the main chain 
azopolymers we have prepared.  
  
Fig. 39  (a) UV-Vis spectra of PADBCE-F2 (c=0.08g/L) in different solvents; (b) UV-Vis 
spectra of PADBCE-F1 (c=0.2 g/L) in THF upon addition of HCl. 
  
 
 
58 
5    Conclusions 
New main chain azopolymers comprising aliphatic and tegylated calix[4]arenes as 
well as dibenzo-18-crown-6-ethers have been successfully prepared. The key synthetic 
steps of locking of the cone conformation of the calixarene units, whilst maintaining 
specific location of functional groups on the upper rim (5,17-positions) of the monomers 
has been achieved by means of a lower rim substituted, preformed intermediate, 5,17-
di(tert)butylcalix[4]arene, which was subjected to ipso nitration. The dinitrodibenzo-18-
crown-6-ethers have been synthesized according to known literature procedures.  
Different polymerization approaches have been examined which involved reductive 
coupling of nitro-monomers and oxidative coupling of the resulting oligomers. Owing to 
the enhanced solubility of sodium bis(2-methoxuethoxy) aluminium hydride, Red-Al, over 
lithium aluminium hydride, larger polymers and better reproducibility of the reaction 
could be achieved. However, this being a step growth polymerization and as a 
consequence exhibiting a broad size distribution, all the polymers were further subjected 
to fractionation to obtain samples with moderate polydispersity. 
The reversible trans-to-cis photo-isomerization was evaluated in different solvent 
for all polymers. In good solvents, photo-stationary states of 20% trans (80% cis) could be 
achieved and when referenced to model azobenzene compounds, the isomerization rate is 
lower. The structural changes upon irradiation and relaxation could be visualized with 
1
H 
NMR spectroscopy. In the case of the poly(azocalix[4]arene)s, in order to accommodate 
the structural transition from the trans to the cis form, the calixarene units adopt a 
flattened pinched cone conformation.  
NMR monitoring of titration of all polymers with pyridinium-based low molar mass 
compounds showed that a dynamic interaction was possible. For poly(azocalix[4]arene)s, 
the longer the chain in the lower rim the more hindered the interaction. The extent of the 
interaction was larger for poly(azodibenzo-18-crown-6-ether)s than the corresponding 
model dimeric model compounds.  
Tegylated poly(azocalix[4]arene)s also exhibited thermo-responsive properties. A 
lower critical solution temperature (LCS) type transition occurred in water, which was 
strongly dependent on degree of polymerization and concentration. The same dependence 
was observed for the upper critical solution (UCST) type transitions of the polymers in 
alcohols. This behaviour was also dependent on the choice of alcohol as well as water 
content in the sample.  The poly(azodibenzo-18-crown-6-ether)s demonstrated UCST-type 
demixing in alcohols, governed by concentration, degree of polymerization, alcohol 
choice and water content. These polymers were further shown to be solvatochromic and 
pH-sensitive.  
The effect of one stimuli-response on the outcome of the other in these multi-stimuli 
responsive systems was evaluated. Firstly irradiation of the poly(azocalixa[4]arene)s with 
monitoring of host-guest interactions showed a serial interplay in which the photo-
stationary state of the polymers determined the extent of the interaction. This photo-tuning 
was shown to be completely reversible. The trans-to-cis photo-isomerization also allows 
for serial control over the UCST-type transitions in alcohols of the tegylated 
poly(azocalix[4]arene)s and the poly(azodibenzo-18-crown-6-ether)s. The lower the trans 
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content in the sample, the lower the cloud point temperature. This could further be 
translated onto samples in the phase separated state, resulting in solubilisation of the 
polymers upon sufficient irradiation. Thermal relaxation will revert the phenomenon. 
The influence of alkali metal addition on the UCST behaviour of the crown ether 
polymers, showed and increase in the cloud point temperature with simultaneous 
diminishing of the photo-tuning of the UCST. The barium ions act as intermolecular 
crosslinkers in the system. Furthermore, when these polymers were protonated, the photo-
isomerization could not be induced despite long irradiation times.  
In conclusion, we have shown how through intricate molecular design different 
multi-stimuli responsive polymers may be prepared. The serial interplay of the stimuli 
responses allows for discrete control over the remaining stimuli-derived effects and thus 
results in the possibility to produce systems which respond differently under various 
changes in the environment. This work may hence contribute to better understanding and 
design of smart materials.  
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